human cell lines. The contribution of recombination to to a specific telomere induced its shortening in cis (Antelomere length maintenance in wt cells is unknown. celin et al., 2002). Evidence for regulation of telomerase In S. cerevisiae, telomerase extends telomeres in late activity in cis had been provided even earlier in telomere S phase (Marcand et al., 2000) , and this is thought to healing experiments in which newly seeded telomeres be coupled to semiconservative DNA replication ( ). Similarly, exprestion factors that are essential in vivo include telomerase sion of limiting amounts of telomerase activity in human subunits and proteins that bind to the telomeric 3Ј overfibroblasts leads to preferential elongation of short telohang, where they mediate the access and activation of meres (Ouellette et al., 2000) . telomerase (reviewed by Evans and Lundblad [2000] ).
At least two not mutually exclusive models could pro-ATM-and ATR-related protein kinases are also required vide a mechanistic basis for the protein-counting model for telomerase activity in vivo in fission and budding of telomere length control and the increased activity of yeast (Naito et al., 1998; Ritchie et al., 1999) , but their telomerase on shorter telomeres. First, the elongation critical substrates are yet to be identified. Mutations in efficiency of telomerase, i.e., the number of nucleotides other telomeric factors perturb but do not abolish the added to an individual telomere per elongation event, end replication machinery, leading to an altered steadycould be regulated as a function of telomere length. state telomere length. For example, some doubleThus, all telomeres would be available for telomerasestranded telomeric DNA binding proteins are negative mediated extension, but the telomere structure would regulators of telomere length. Budding yeast Rap1p is regulate the catalytic activity of telomerase in a lengtha major component of telomeric chromatin (reviewed by dependent manner, perhaps by influencing the proShore [1997] ) that binds the telomeric repeats with high cessivity or turnover of the enzyme. Second, the producaffinity and negatively affects telomere length (Lustig et tive association of telomerase with telomere 3Ј ends al., 1990; Conrad et al., 1990) . Through a C-terminal could be regulated by length-dependent changes in teldomain, Rap1p recruits two proteins, Rif1p and Rif2p, omeric chromatin structure. A long telomere would have which contribute to telomere length control (Hardy et al., a lower probability to be in a telomerase-extendible state 1992; Wotton and Shore, 1997). Targeting of additional than a short telomere. In this model, a telomere could copies of the Rap1p C terminus to a telomere induces shorten for several rounds of DNA replication without telomere shortening to an extent that is roughly proporbeing elongated by telomerase, before its chromatin tional to the number of targeted molecules (Marcand et structure would switch and become competent for telal., 1997; Ray and Runge, 1999b). This observation led to omerase-mediated elongation. Thus, the association, the "protein counting model" of telomere length control rather than the activity, of telomerase would be the regu-(Marcand et al., 1997), in which telomerase-mediated lated element. telomere extension is regulated by the number of teloTo distinguish between these two models, we devised mere bound Rap1p molecules. Additional support for a a system to measure elongation of single telomeres in counting mechanism comes from work with telomerase vivo at nucleotide resolution. Using this system, we de-RNA template mutants in S. cerevisiae and the related termined the frequency and elongation efficiency of teloyeast Kluveromyces lactis (Chan et al., 2001 ; McEachern meres as a function of their length. We find that telomere and Blackburn, 1995). Such mutations reduced the numelongation is a stochastic process that does not occur ber of telomeric binding sites for Rap1p and conat all telomeres in every cell cycle. Short telomeres have comitantly induced massive telomere elongation. The a higher probability of being extended than long teloprotein-counting model was also supported by meameres. A variable number of telomeric repeats can be surement of the reelongation kinetics of an artificially added in one round of replication to a single chromoshortened telomere (Marcand et al., 1999) . These experisome end, but the number of added nucleotides does ments indicated that the rate of telomere elongation is not correlate with telomere length, unless the telomere inversely proportional to telomere length.
is almost completely eroded. The frequency of telDouble-stranded telomere binding proteins in fission omerase-mediated extension increases in rif1-⌬ and yeast and vertebrates also function as negative regularif2-⌬ mutants. Taken together, our results provide ditors of telomere length, similarly to S. cerevisiae Rap1p.
rect evidence for a model in which telomeres switch in Disruption of the fission yeast taz1 gene gives rise to a a length-dependent manner between at least two struc-10-fold increase in telomere length , tural states that dictate the extendibility by telomerase. and depletion of the orthologous human TRF1 from telomeres also leads to substantial telomere lengthening Results (van Steensel and de Lange, 1997). Overexpression of TRF1 induces telomere shortening without affecting An Assay for Measuring Single Telomere telomerase activity in vitro (Smogorzewska et al., 2000) .
Extension at Nucleotide Resolution In Vivo Similarly, the TRF1-interacting proteins TIN2 and tankyrTo study the mechanisms that control telomere access ase 1 regulate telomere length without affecting teland extension efficiency, we developed a system to omerase activity in vitro (Kim et al., 1999; Smith and de measure single telomere elongation events in vivo at Lange, 2000) . These experiments suggest that telnucleotide resolution in S. cerevisiae (Figure 1) . A telomerase is regulated by the telomeric substrate in cis. Consistent with this notion, artificial tethering of TRF1 omerase-negative strain was created by deleting the Telomere extension events are detected by sequence divergence that arises among sister telomeres due to the action of yeast telomerase, which adds imperfect telomeric repeats (blue letters). Most sister telomeres that stem from the telomerase-negative parent are identical in sequence, because they are replicated faithfully by the semiconservative DNA replication machinery. They only differ in length due to irregular shortening. One out of nine parental telomeres analyzed (P11) diverged in sequence in the telomerase-negative clonal population. This is due to a telomerase-independent telomere rearrangement (green). N, ambiguous bases.
telomerase RNA gene TLC1. An isolated tlc1-⌬ colony After approximately 3.5 hr, the diploid cell number had doubled, indicating that most diploids had undergone was grown for approximately 30 generations. Active telomerase was provided by mating the tlc1-⌬ strain (remitosis and completed one cell cycle (Figure 2A ). The combined analyses indicated that zygote formation and ferred to as "recipient") with a telomerase-positive strain (referred to as "donor") of the opposite mating type the subsequent S phase occurred with high synchrony and that, 3 hr after initial mixing, most zygotes had com-( Figure 1A) . Thus, telomeres that had shortened in the telomerase-negative parent become reextended in the pleted their first round of DNA replication. Telomere VR was amplified by telomere PCR (Figure zygote due to the presence of complementing telomerase. Telomere elongation was detected by cloning 2D) and cloned from the parental tlc1-⌬ strain and from the tlc1-⌬/TLC1 diploid 3, 5, and 7 hr postmating. Teloand sequencing telomeres that originated from the recipient. To this end, we used as recipient a strain harbormere sequence analysis ( Figure 2E ) indicated that during the time course experiment, the fraction of telomere ing the ADE2 gene in the subtelomeric region of chromosome VR, which served as a sequence tag. Telomere extension events increased. After 3 hr, which corresponds to a time point when most zygotes had com-VR was amplified by telomere PCR as described (Forstemann et al., 2000, and Figure 1B ). In this method, pleted one S phase, nine out of 25 (36%) sequenced telomeres had been elongated. After 5 hr, the ratio of genomic DNA is isolated and tailed in vitro with dCTP and terminal transferase. Telomere VR is amplified speextended to nonextended telomeres was roughly maintained (nine out of 22 ϭ 40%), whereas after 7 hr, or cifically with a primer that anneals with the ADE2 gene at VR and a primer that is complementary to the oligo approximately three population doublings, 10 out of 11 telomeres were elongated. This experiment demondC tail. PCR products were resolved on agarose gels, cloned, and sequenced (see Experimental Procedures).
strates that not all telomeres become extended by telomerase in every cell cycle, even if they are considerably Yeast telomerase adds imperfect 5Ј-(TG) 0-6 TGGGTG TG ( Sequence analysis of VR telomeres revealed that telomerase-independent elongation events occurred at similar rates in all four telomerase-negative strains.
Telomerase Does Not Extend Every Telomere
Thirty generations of clonal expansion resulted in 6.6% in Every Cell Cycle In order to achieve an extensive coverage of telomere lengths, we performed the mating experiments with sev-9% of the cells contained a 4C DNA content ( Figure 2C) . Because of the 10-fold excess of wt over tlc1-⌬ haploids, eral independent clones for each strain. Figures 4A and  4B show the results of independent experiments in this was consistent with the notion that, at this time point, most zygotes had completed a single S phase.
which the tagged telomere VR had a different length (Table 1) . In est1-⌬/EST1 cells, the average extension length was 86 were overelongated before telomerase removal and mating ( Figure 4B, left) . To do this, we transformed the nucleotides, with an interquartile range from 14 to 80 nucleotides. The longer average seen in est1-⌬/EST1 recipient est1-⌬ strain with plasmid pVL1120 expressing a fusion protein between the DNA binding domain of zygotes stems from very long extension events of extremely short telomeres ( Figure 4B and Table 1 ). As the Cdc13p and Est1p (Est1-DBD Cdc13 ), a construct that complements est1-⌬ and leads to telomere overelongation mean telomeric repeat length in S. cerevisiae is 12-13 nucleotides (Forstemann and Lingner, 2001), telomere (Evans and Lundblad, 1999) . Upon culturing the est1-⌬/ pVL1120 strain for 50 generations under selection for extension length corresponded in the majority of cases to several telomeric repeats. Thus, the in vivo properties the plasmid, the strain was plated on nonselective YPD medium. Cells that had lost pVL1120 were telomerase of yeast telomerase differ markedly from its biochemical properties in vitro, where it performs only one elongation negative and were mated as above with a telomerasepositive wt strain for 3 hr.
cycle and prevents further elongation by stably associating with the telomeric primer (Cohn and Blackburn, 1995; After 3 hr of mating, most of the resulting zygotes were in G2 following their first round of DNA replication. Prescott and Blackburn, 1997) . Surprisingly, the number of added nucleotides is not Strikingly, the telomere extensions were very heterogeneous in size, ranging from four to 187 nucleotides in correlated significantly with telomere length ( Figure 4D ) (tlc1-⌬/TLC1: r ϭ Ϫ0.29, p pearson ϭ 0.15; ϭ Ϫ0.27, tlc1-⌬/TLC1 zygotes and from four to 417 nucleotides Figure 3C) . (E) Frequency of telomere extension as function of telomere size. Sequences obtained from (A), (B), and (C) were ordered according to nondiverging telomere size and pooled into subgroups containing ten telomeres each. The frequency of elongation in each subgroup was calculated and plotted as a function of telomere length. Data points were fitted to the following logistic regression model: [(frequency of elongation) ‫ف‬ ␤ 0 ϩ ␤ 1 (mean length) ϩ ⑀]. The p ␤1 value for tlc1-⌬/TLC1 zygotes is 0.00447; for est1-⌬/EST1 (at the tagged telomere VR), 0.00018; and for est1-⌬/EST1 (at the natural telomere IL), 0.00592. The curve corresponding to est1-⌬/EST1 (telomere 1L) is dashed for telomeres below 100 nt, because, in this region, the events could not be attributed with high confidence to telomerase-mediated extension, due to the high recombination background for short telomeres at chromosome 1L in the parent (see Figure 3C ). p spearman ϭ 0.19; est1-⌬/EST1: r ϭ Ϫ0.37, p pearson ϭ 0.062; meres according to the length of their nondiverging telomeric sequence and formed subgroups containing ten ϭ Ϫ0.37, p spearman ϭ 0.059). However, extremely long extensions of several hundred nucleotides were obtelomeres each. The average telomere size of each subgroup was calculated, and the frequency of elongation served with very short telomeres of less than 100 nucleotides, indicating loss of normal telomerase control.
Green dots indicate events from (A), blue dots events from (B), and pink dots from (C). Pink circles indicate events that could not be attributed without ambiguity to telomerasemediated extension due to the high recombination background for short telomeres at chromosome 1L in the parent (see
in each subgroup was plotted as a function of telomere length ( Figure 4E ). Although the data scattered substantially, the frequency of elongation correlated signifiTelomerase Acts Preferentially on Short Telomeres cantly with telomere size (tlc1-⌬/TLC1: r ϭ Ϫ0.75, p pearson ϭ 0.0125, ϭ Ϫ0.80, p spearman ϭ 0.0082; est1-⌬/ To determine whether the frequency of telomere elongation was regulated by telomere size, we sorted telo-EST1: r ϭ Ϫ0.70, p pearson ϭ 0.0057, ϭ Ϫ0.59, p spearman ϭ Figure 4E ). At wt telomere length (300 nuclein the parental est1-⌬ rif1-⌬ strain had been extended otides), the frequency of telomere elongation per round by telomerase-independent elongation at a frequency of DNA replication was 0.078 for tlc1-⌬/TLC1 zygotes of 23% (25 out of 110) ( Figure 3F ). Most of these events and 0.067 for est1-⌬/EST1 zygotes. This frequency incorresponded to telomeres that had shortened below creased steadily to 0.46 for tlc1-⌬/TLC1 zygotes and 120 nucleotides. In the rif1-⌬/rif1-⌬ est1-⌬/EST1 zygote, 0.42 for est1-⌬/EST1 zygotes as telomeres shortened telomere elongation frequency increased significantly to 100 nucleotides. These data indicate that a typical (p ϭ 0.0084) by approximately 2-fold when compared telomere undergoes several rounds of semiconservative to the est1-⌬/EST1 zygote, considering the telomeres DNA replications without being elongated by telomthat were longer than 120 nucleotides ( Figure 5D ). This erase. Therefore, telomeres switch between telomeraseindicates that Rif1p promotes formation of a telomere extendible and -nonextendible states. The equilibrium structure that prevents the productive association of between the two states is regulated by telomere length.
telomerase. For telomeres that had shortened below 120 nucleotides, the high recombination background Telomere Length-Dependent Control did not allow identification of telomerase-dependent of Extendibility at a Natural Telomere elongation events without ambiguity. However, comparNatural yeast telomeres contain in their subtelomeric ison of the frequency and length of extension in the region repetitive elements that are referred to as X and presence and absence of telomerase (compare Figures YЈ, whereas the tagged telomere VR lacks these ele-5A to Figure 3F ) suggested that telomerase-mediated ments. To test if the above telomere elongation analysis extension events contributed substantially to the obof tagged VR could be extrapolated to natural telomeres, served elongation of short telomeres. we analyzed telomere 1L, which contains an X element We also analyzed the extent of telomere elongation in its subtelomeric region. For this telomere, we had ( Figure 5C ) as a function of telomere length. As seen previously identified a unique subtelomeric sequence in est1-⌬/EST1 zygotes, the telomere extensions were allowing specific amplification by telomere PCR (Teixeheterogeneous Figure 3C ). Divergence was with telomere length (for telomeres that were longer than observed in four out of 39 sequenced telomeres. All four 120 nucleotides). In telomeres with a nearly physiologidiverging chromosome ends corresponded to telocal length of above 200 nucleotides, the rif1-⌬ zygotes meres that had shortened to near or below 100 nucleodisplayed a slightly longer extension length than RIF1 tides ( Figure 3C ), suggesting that telomerase-indepencontrols (59 versus 44 nucleotides; see Table 1 ). dent recombination may be regulated at this natural The effects of a rif2 deletion were analyzed as for telomere in a length-dependent manner. These est1-⌬ rif1 ( Figure 5B and Table 1 ). The frequency of telomere cells were mated with EST1 tel IL::URA3 donor cells, elongation increased similarly for rif2-⌬ by approxiand intact telomere IL was amplified as above (Figure mately 2-fold when compared to RIF2 cells, whereas 4C). As for telomere VR, the frequency of telomerasethe extension length was not affected (Table 1) . As for dependent elongation events increased with telomere rif1-⌬, the frequency (r ϭ Ϫ0.83, p pearson ϭ 0.04, ϭ shortening (r ϭ Ϫ0.75, p pearson ϭ 0.020, ϭ Ϫ0.82, Ϫ0.75, p spearman ϭ 0.0083) but not the extent of telomere p spearman ϭ 2.75e Ϫ 05) ( Figure 4E ). Furthermore, a signifielongation (r ϭ Ϫ0.28, p pearson ϭ 0.234, ϭ Ϫ0.26, cant departure from randomness was apparent when p spearman ϭ 0.275) correlated significantly with telomere applying the 2 test for contingency tables (p teI1L ϭ 0.036). length. However, in contrast to rif1-⌬ cells, the recombiThe extent of elongation, as for telomere VR, did not nation background in rif2-⌬ cells was, with four out of convincingly correlate with telomere length (r ϭ Ϫ0.45, 63 analyzed telomeres, low and comparable to RIF2 p pearson ϭ 0.058; ϭ Ϫ0.52, p spearman ϭ 0.029) for telomeres cells (Figure 3G) , allowing a more straightforward aslonger than 120 nucleotides ( Figure 4D) . sessment of telomerase-mediated events also for short telomeres. In conclusion, the data indicate that in rif1-⌬ Rif1p and Rif2p Regulate the Equilibrium and rif2-⌬ cells, telomeres are longer because they bebetween Extendible and Nonextendible come more frequently extended by telomerase. Thus, Telomeric States both Rif1p and Rif2p control the productive association The Rif1 and Rif2 proteins are recruited to telomeres of the telomere substrate with telomerase. via the Rap1p C-terminal domain and are thought to mediate the Rap1-counting mechanism of telomere Discussion length control (Marcand et al., 1997) . Simultaneous deletion of RIF1 and RIF2 has a synergistic effect on telomere Telomere length homeostasis is fundamental for the maintenance and propagation of stable chromosomes. length, indicating that they have distinct regulatory func- Figure 4D . The plot corresponding to est1-⌬/EST1 zygotes is reported from Figure 4D (blue). The p ␤1 value for est1-⌬/EST1 rif1-⌬/rif1-⌬ zygotes is 2.45
Ϫ5 and for est1-⌬/EST1 rif2-⌬/rif2-⌬ is 0.0137. The curve corresponding to est1-⌬/ EST1 rif1-⌬/rif1-⌬ zygotes is dashed for telomeres below 100 nt, because, in this region, the events could not be attributed without ambiguity to telomerase-mediated extension, due to the high recombination background for short telomeres in the parent (see Figure 3F ).
Loss of a single telomere is a potentially lethal event ( Figure 6 ). The nearly constant rate of telomere shortening due to incomplete end replication, nucleolytic proeliciting chromosome end fusions and missegregation.
cessing, and telomere rapid deletion events is balanced Previous work has indicated that telomerase activity by telomerase-and recombination-mediated telomere is regulated in cis at individual telomeres through the lengthening. A short telomere has a high probability of number of double-stranded telomere binding proteins adopting the telomerase-extendible structure ( corresponds to the size at which the probability of extenthese possibilities, we developed a method to measure sion multiplied by the average extension length equals telomere elongation events at single molecules. Our the shortening rate. In est1⌬/EST1 zygotes, the probabilanalysis demonstrates for the first time that telomerase ity of extension at the wt telomere length of 300 nucleodoes not act on every telomere in every cell cycle. We tides (0.067) multiplied by the average extension length demonstrate the existence of at least two distinct tel-(44 nucleotides for telomeres Ͼ200 nucleotides; Table  omeric states: one that allows the productive associa-1) matches the measured shortening rate of 2.95 Ϯ 0.2 tion with telomerase and one that prohibits telomerasenucleotides per generation (Marcand et al., 1999) . mediated telomere extension. We show that the frequency Our analysis of telomere sequence divergence in telof telomere extension increases steadily as a function of omerase-negative cells (Figure 3 ) also indicates that retelomere length, from roughly 6%-8% at 300 nucleotidecombination is contributing to telomere maintenance. long telomeres to 42%-46% at 100 nucleotides. Thus, The contribution of this pathway to telomere maintethe equilibrium between the two states is regulated by nance was detected in the telomerase-negative cells telomere length. Telomeres exist in an equilibrium between two states: one that is extendible by telomerase (left side) and one that is nonextendible (right side). Long telomeres have a higher probability to be in the nonextendible state (upper part). As telomere length declines, the equilibrium between the two states shifts continuously to the extendible state (lower part). The average telomere length corresponds to the size at which the ratio of extendible over nonextendible states (probability of extension) multiplied by the average extension length equals the shortening rate. Rif1p and Rif2p, which associate with telomere bound Rap1p, promote the nonextendible state, shifting the equilibrium to the right. They may promote conformational changes of the telomeric 3Ј end that prevent telomerase access or activation. telomeres ( Figure 3F ). Interestingly, Rif1p was previously polymerase. Upon reaching the natural length of approximately 250 nucleotides, the poly(A) binding protein identified as a factor that inhibits type II recombination (Teng et al., 2000) , a pathway that involves homologous loses its stimulating activity, and poly(A) polymerase switches from a processive to a distributive mode of recombination, which can be observed in a small fraction of yeast that escaped the lethality caused by telextension (Wahle, 1991) . Yeast telomerase associates in vitro with telomeric omerase loss. However, deletion of RIF2 did not enhance telomerase-independent elongation in our study, primers in a stable manner and is able to add only a single telomeric repeat (Cohn and Blackburn, 1995; while it favored the occurrence of type II survivors even more strongly than rif1-⌬ (Teng et al., 2000) .
Prescott and Blackburn, 1997). Thus, our in vivo analysis indicates that additional factors must exist that either The number of nucleotides added by telomerase varied substantially between individual telomerase extenpromote a processive mode of elongation or that enable rapid turnover of the enzyme. The described assay syssion events and was not tightly regulated by telomere length unless they were shorter than 100 nucleotides. tem provides a tool to identify processivity factors. A potential candidate might be the Est1p protein, which However, telomeres of this size are unlikely to occur in wt yeast cells. The average length of the ADE2-tagged has been proposed to promote enzyme turnover or processivity (Singh and Lue, 2003) . However, in our analy-VR is 291 nucleotides, with a standard deviation of Ϯ31 nucleotides (Forstemann et al., 2000) . Thus, for the telosis, est1-⌬ cells were indistinguishable from tlc1-⌬ cells, being unable to add even a single telomeric repeat (Figmere size range of telomerase-positive cells, the extent of the elongation by telomerase does not correlate with ure 4). We also determined telomere addition in est1-60 cells, which express mutant Est1p with a single Lys → the length of the original telomere. We conclude that under normal conditions, telomere length does not sigGlu mutational change at residue 444 (data not shown). This mutation disrupts an electrostatic interaction with nificantly control telomerase processivity or turnover. On the other hand, dramatic telomere shortening may Cdc13p, causing an ever-shorter telomeres phenotype (Pennock et al., 2001 ). In our analysis, this allele was, as remove telomere binding factors that block excessive elongation by telomerase, or a distinct pathway for the est1-⌬, completely inactive in telomere addition. Thus, Est1p cannot act solely by promoting processivity or healing of severely shortened telomeres may become activated.
turnover but is also involved in the initial elongation cycle consistent with its function in telomerase recruitment The mechanism for length homeostasis described here has interesting similarities and dissimilarities with 
